Impairment of cerebral autoregulation and de velopment of hyponatraemia are both implicated in the pathogenesis of delayed cerebral ischaemia and infarction following subarachnoid haemorrhage (SAH) but the pathophysiology and interactions involved are not fully understood. We have studied the effects of hypona traemia and SAH on the cerebral vasomotor responses of the rabbit. Cerebrovascular reactivity to hypercapnia and cerebral autoregulation to trimetaphan-induced hypoten sion were determined in normal and hyponatraemic rab bits before and 6 days after experimental SAH produced by two intracisternal injections of autologous blood. Hy ponatraemia (mean plasma sodium of 119 mM) was in duced gradually over 48 h by administration of Desmo pressin and intraperitoneal 5% dextrose. Sham animals Impairment of cerebrovascular reactivity and au toregulation following subarachnoid haemorrhage (SAH) is associated with increased risks of delayed cerebral ischaemia and infarction (Pickard et a!., 1980; Voldby et a!., 1985; Messeter et a!., 1987).
received normal saline. The cerebrovascular reactivity (% change ±SD in cortical CBF/mm Hg PaC02, mea sured by hydrogen clearance) of hyponatraemic (4.8 ± 3.0%) and SAH (1.3 ± 2.0%) animals was significantly less (p < 0.05) than control (11.6 ± 4.0%) and sham (8 ± 2.0%) animals, whereas the reactivity of hyponatraemic SAH animals was preserved (9.8 ± 6.0%). Hypona traemia and SAH alone each significantly impaired CBF autoregulation but their combined effects were not addi tive. Systemic hyponatraemia impairs normal cerebral vasomotor responses but does not augment the effects of experimental SAH in the rabbit. Key Words: Hypona traemia-Subarachnoid haemorrhage-Cerebral blood flow-Cerebrovascular reactivity-Cerebral autoregula tion.
traemia was previously attributed to the syndrome of inappropriate secretion of antidiuretic hormone (SIADH) (Schwartz et aI., 1957 ; Bartter and Schwartz, 1967) and was incorrectly assumed to re sult in water retention and plasma volume expan sion (Joynt et aI., 1965; Fox et aI., 1971; Doczi et a!., 1981) . Many SAH patients have since been shown to be plasma volume depleted (Nelson et aI. , 198 1; Wijdicks et aI., 1985a) . Dehydration in these circumstances adversely affects the cerebral circu lation by reducing blood volume and cardiac output and raising blood viscosity (Maroon and Nelson, 1979 ; Solomon et aI., 1984) .
Changes in extracellular osmolarity, cell volume, and intracranial pressure may explain the adverse effects of hyponatraemia. Under normal circum stances, mammalian cells resist changes in extracel lular osmolarity by sacrificing absolute amounts of intracellular cations to preserve cell volume (Holli day et aI., 1968; Dila and Pappius, 1972; Katzman and Pappius, 1973; Rymer and Fishman, 1973) . The time taken to effect these adjustments in the central nervous system is not known (Grantham and Lin shaw, 1984), but the gradual development of chronic hyponatraemia is usually tolerated without neurological disturbance, whereas rapid alterations in osmolarity result in the potentially fatal distur bances of water intoxication (Swanson and Iseri, 1958; Lipsmeyer and Ackerman, 1966; Arieff, 1986) and pontine myelinolysis (Sterns et aI., 1986; Lau reno and Karp, 1988) . Awareness of these problems has made hyponatraemia due to iatrogenic fluid overloading uncommon, but a SAH patient with fo cal ischaemia and altered blood-brain barrier per meability may be more susceptible to subtle changes in osmolarity.
Finally, hyponatraemia has a direct effect on the cerebral circulation. Using a microapplication tech nique on normal cat pial vessels, Wahl et aI. (1973) showed that a reduction in osmolarity below 317 mOsm/L resulted in vasoconstriction. Reductions in sodium concentration from 156-133 mM did not affect arteriolar diameter but greater reductions in sodium concentration induced constriction. Power ful contractions of the normal bovine middle cere bral and rabbit basilar artery are induced when ex tracellular sodium concentrations are reduced in vitro (Simeone et aI., 1980) . Hyperosmolar solu tions containing mannitol or sucrose vasodilate ca nine cerebral arteries and reduce the vasoconstric tion produced by high potassium concentrations and prostaglandin F2u by inhibiting the influx of ex tracellular calcium (Sasaki et aI., 1986) . Perhaps hy potonic and/or hyponatraemic conditions facilitate calcium entry into smooth muscle cells, augmenting vasospasm and impairing vasomotor responses.
We have examined the hypothesis that hypona traemia has an adverse effect on normal cerebral vasomotor responses and enhances the deleterious effects of SAH on those responses in a rabbit model that reproduces the typical time course and severity of hyponatraemia encountered in SAH patients.
MATERIALS AND METHODS

Experimental protocol
Twenty-eight New Zealand white rabbits of both sexes (weighing 1.9-3.5 kg) were divided into five experimental groups: controls (n = 5), hyponatraemia alone (n = 7), SAH alone (n = 5), hyponatraemia combined with SAH (n = 6), and sham (n = 5). The study was approved under the U.K. Animals (Scientific Procedures) Act of 1986. Subarachnoid injections of blood or normal saline (shams) took place on days 0 and 2 of the study protocol and intraperitoneal infusions of 5% dextrose or normal saline (shams) on days 4 and 5. All CBF studies were then performed on day 6 except for control studies that were performed at random.
The animals were weighed and examined daily. Venous J Cereb Blood Flow Metab, Vol. 11, No.4, 1991 blood was taken from the marginal ear vein for the mea surement of plasma sodium concentration, osmolarity, and packed cell volume (PCV) on days 0, 4, 5, and 6.
Subarachnoid haemorrhage
Anaesthesia was induced with 3 mg/kg of intravenous alphaxalone/alphadalone (Saffan, Glaxovet, U.K.) and maintained with 3% halothane in 50% nitrous oxide/ oxygen. The animals were placed prone with the head fully flexed and under aseptic conditions the atlanto occipital membrane was punctured suboccipitally with a 25-gauge needle. Entry into the cisterna magna was con firmed by the reflux of a small amount of CSF and 0.5 mllkg of autologous venous blood or normal saline (sham group) were hand injected over 20 s. The animals were recovered in the prone position with the head dependent for 10 min.
Induction of hyponatraemia
Anaesthesia was induced and maintained with intrave nous Saffan. Under aseptic conditions, the peritoneal cavity was punctured with a 2 I-gauge cannula and air was insufflated to avoid accidental puncture of the bowel. One hundred milliliters per kilogram of 5% dextrose solution or normal saline (sham group) were infused slowly and 4 fLg of DDA VP (Desmopressin, Ferring Pharmaceuticals, Feltham, U.K.) were administered subcutaneously. The procedure was repeated in an identical manner 24 h later.
Assessment of cerebrovascular reactivity and autoregulation
Anaesthesia was induced with Saffan and maintained by controlled ventilation with 1-3% halothane in 60% ni trous oxide in oxygen and i.v. pancuronium, 0.5 mg/kg/h. A tracheostomy was performed and both femoral arteries and veins were cannulated. The MABP (Bell & Howell 4-327 transducer, Pasadena, CA, U.S.A.), heart rate, ECG, rectal temperature, and arterial blood gases (Corn ing 168 pH/Blood gas analyser) were monitored. The an imals were then placed prone on a padded warming blan ket and supported in a purpose-built head frame employ ing three-point skull fixation. The pin sites and all surgical incisions were infiltrated with 0.5% bupivicaine.
Focal cortical CBF was determined using the hydrogen clearance technique (Aukland et aI., 1964) . In brief, a saline-cooled, high-speed dental drill was used to create two frontal and two parietal burr holes. Four 0.25 mm diameter sharpened platinum wire electrodes were in serted into the cerebral cortex to a depth of 1.5 mm using a micromanipulator and secured in position with a fast setting polycarboxylate cement (Poly-F Plus, Dentsply Ltd., U.K.). A silver/silver chloride reference electrode was inserted subcutaneously. The animals were allowed to stabilise for I h under light maintenance anaesthesia (Nelson et aI., 1988) . A 450 mV voltage was applied be tween the platinum and reference electrodes and when their polarographic outputs were stable, 3% (v/v) hydro gen was added to the inspired gas mixture through a pre cision flow-meter (BOC Special Gases, U.K.). The out puts were allowed to reach a plateau before each hydro gen washout curve was recorded. CBF was determined from the (liz of the initial slope (30-90 s) of the clearance curve. The slope was determined by linear regression analysis of a semilogarithmic transformation of the data using a microcomputer (Apple lIe with BASIC program ming). The data were assumed to represent clearance from a single compartment, i.e., cortical grey matter. A mean cortical CBP was calculated from the four elec trodes.
The ventilatory tidal volume was adjusted to maintain PaC02 close to 40 mm Hg and three control CBP mea surements were made. CBP was measured again during hypercapnia induced by addition of 5% (v/v) CO2 to the inspired gas mixture and after restoration of normocap nia. The reactivity of CBP to PaC02 was defined as the percentage increase from control CBP per mm Hg in crease in PaC02• Autoregulatory responses to hypotension were studied by measuring CBP during 10 mm Hg decrements in MABP from 80 to 20 mm Hg produced by an infusion of 2.5% (wlv) trimetaphan camsylate (Arfonad, Roche Prod ucts Ltd.) in normal saline at a rate of 1-7.5 mg/min. The fine control of MABP (±5 mm Hg) at each pressure level was obtained by removal and addition of up to 5 ml of autologous heparinised blood via the arterial catheter.
A postmortem was performed to exclude macroscopic signs of damage from the cisternal injections and platinum electrodes and to determine the extent and distribution of blood in the subarachnoid space. The brain was divided at the level of the foramen magnum, sectioned to drain ven tricular CSP, and weighed. The brain water content was determined after drying for 48 h at 80De.
Statistical methods
Analysis of variance with Duncan's mUltiple range test was used to detect significant differences between the physiological, biochemical, and cerebrovascular reactiv ity results of the experimental groups.
The CBP autoregulatory responses of the hypona traemic and hyponatraemic-SAH groups were compared with the control and SAH groups, respectively, using two-way analysis of variance with repeated measures.
RESULTS
Changes in body weight, plasma sodium, osmo larity, PCV, and brain water content are sum marised in Table 1 . Body weight fell significantly in the SAH group and to a lesser extent in the sham group. There were significant increases in the body weight of the hyponatraemic and hyponatraemial SAH groups, whose mean plasma sodium fell to 12 1 and 118 mM, respectively, accompanied by similar reductions in plasma osmolarity. The PCV fell in all three experimental groups receiving intraperitoneal infusions.
Hyponatraemia was associated with an increased mortality. Two animals (plasma sodium of 124 and 109 mM) were unable to tolerate the hypotension and died intraoperatively and one animal died pre operatively when plasma fell to 104 mM. Complete data were available for five animals in each exper imental group.
The control CBF and physiological data are sum marised in Table 2 . Although the mean control CBFs of the five groups were not statistically dif ferent, there were striking variations in the CBFs of the hyponatraemic animals, ranging from 20-68 ml 100 g -1 min -1 in the hyponatraemia group and 29-87 ml 100 g-I min -I in the hyponatraemiaiSAH group.
The mean CBF reactivity to hypercapnia (% change ± SD in CBF/mm Hg PaC02) of the SAH (1.3 ± 2.0) and hyponatraemia (4.8 ± 3.0) groups was significantly less than that of the controls (11.6 ± 4.0) and shams (8 ± 2). The reactivity of the hyponatraemic/SAH group (9.8 ± 6.0) did not ap pear to have been affected.
Changes in mean CBF during trimetaphan induced hypotension are presented in Fig. 1 (changes in the sham animals were almost identical and are omitted for clarity). The mean CBF of con trol animals did not decrease significantly until the MABP had fallen to below 30 mm Hg. The falls in mean CBF were significantly greater (p < 0.05) in the hyponatraemic, SAH, and hyponatraemic-SAH animals compared with control animals, indicating impaired autoregulation, but no additional differ ence was detected between the two SAH groups.
DISCUSSION
Hyponatraemia following SAH is probably the consequence of a range of pathophysiological changes, from pure disturbances of water homeo stasis mediated by increased vasopressin levels (Lester and Nelson, 198 1) to a salt-loosing primary natriuresis [termed cerebral salt wasting by Cort (1954) ]. Whether the raised vasopressin levels are considered "appropriate" or "inappropriate" is a teleological argument. They may be an appropriate ----------"----" " ---"""----"" ---"-- 1. 3 ± 2* 9.8 ± 6 8 ± 2 edge only one group has studied metabolic changes. Nelson et al. (1984) showed that seven of nine cy body weights of all animals given 5% dextrose and DDA VP rose an average of 9.4% whilst plasma so dium fell to an average of 119 mM. Assuming that total body water is 60% of body weight and plasma sodium concentrations reflect exchangeable body sodium concentration, then the hyponatraemic an imals experienced an average diuresis of 50% of their fluid load and a natriuresis of 5% of exchange able body sodium.
Similar models have been used to examine the effects of hyponatraemia on neurological function, brain water, and electrolytes (Arieff et aL, 1976) and the relationship of hyponatraemia to central pontine myelinolysis. Most confirm that the degree (usually below 110-115 mM), duration, and rate of development or correction of hyponatraemia gov ern the severity of its effects on the eNS (Laureno, 1983; Norenburg and Papendick, 1984; Ayus et al., 1985) . Hyponatraemia in SAH patients usually de velops towards the end of the first week of their illness when plasma sodium rarely drops below 120 mM. Thus, our model reproduces the time course and degree of hyponatraemia of the worst-affected patients. The brain water content data confirm that this was done without inducing cerebral oedema.
We have confirmed that experimental SAH se verely impairs normal cerebrovascular reactivity to hypercapnia and autoregulation to hypotension and have shown, for the first time, that hyponatraemia adversely affects the same vasomotor responses in vivo. The mechanism remains a matter for specula tion but presumably a hyponatraemic, hypo osmolar state impairs the cerebral arteriolar vasodi lation produced by increases in perivascular hydro gen ion concentration and reduced arteriolar pressure (Wahl, 1985) . However, the change in po tassium (25 mM)-induced tension of the bovine mid dle cerebral artery in vitro to acute changes in ex tracellular pH is unaffected at extracellular sodium concentrations down to 113.5 mM (Simeone et aI., 1980) . Perhaps parenchymal cerebral arteries be have differently to chronic hyponatraemia or are more sensitive to the interactions between pH and hyponatraemia than large extraparenchymal arter ies such as the middle cerebral artery.
This study has shown that the induction of hy ponatraemia in SAH animals prevented the loss of cerebrovascular reactivity and did not further im pair autoregulatory capacity. These effects could have been wholly related to the systemic circula tory changes. Hypervolaemia and haemodilution can improve CBF in clinical and experimental focal ischaemia (Pritz et aI., 1978; Kassell et aI., 1982; Wood et aI., 1983) and the reduction in PCV of the hyponatraemic/SAH animals compared with the SAH animals would be compatible with an in creased plasma volume and reduced blood viscos ity. However, a direct effect of hyponatraemia on cerebral vessels exposed to a SAH cannot be ex cluded. Experimental SAH has been shown to re duce the resting membrane potential and potassium conductance of cerebral vascular smooth muscle, increasing its tone and sensitivity to vasoactive agents (Waters and Harder, 1985) . Further investi gation is clearly required to define the effects of systemic hyponatraemia on these ionic and perme ability changes (Jonsson, 1969 (Jonsson, , 1971 ; Sitrin and Bohr, 1971) . 
